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Any correspondence concerning this service should be sent to the repository administrator: staff-oatao@listes-diff.inp-toulouse.fr A lthough the application of inductive heating to dispersed media seems to be of great interest in process engineer ing ( Duquenne et al., 1993 ) , there have been few publications regarding this sub j ect. The characteristics of the application of inductive heating were studied and commented upon ( Mioduszewski, 1982 ; Seghrouchni, 1989) , or simulated ( Delage and Ernst, 1983 ) , or briefly examined as part of studies of broader scope. (Catton and Jacobson, 1987 ; Hardee and Nilson, 1977) .
The widespread use of dispersed media in chemical engineering depends on the contact area produced and the turbulent fluid flow. The transport rate is usually expressed as the product of a contact surface area, a transfer coefficient and the difference in the potential of exchange (difference oftemperature for heat transfer ; difference of concentration for mass transfer ) . Granular media involve large contact areas and if the fluid flow is turbulent, high values of transfer coefficients are achieved, allowing large transfer rates. In this regard, the poor thermal conductivity of the granular solid phase often limits applications requiring heat transfer. This explains why the use of inductive heating is usually limited to the heating of homogeneous metallic media, such as reactor walls ( Leclercq and Zampaolo, 1991 ) or hot-plates for food industries ( Durosset, 1991 ) . Uniformity of heat generation in granular media has already been demonstrated ( Ul' y anov et al., 1982 ) , investigated ( Seghrouchni et al., 1991 ) ; and applied at the lab scale ( Catton and Jakobson, 1987 ; Somerton et al., 1984 ) . An example of this uniformity is displayed in Figure 1 ( Duquenne et al., 1993 ) ; the case is of a 192 mm-1.D. reactor loaded with a 8 mm-diameter steel ball bed percolated by water ( 56.6 L/h ) . Power input was 3600 W at a frequency of 3. 75 kHz (further description in Table 1 ) . The fluid phase temperature was measured along the reactor at three different radial positions and no significant change was observed. Other experiments were carried out to make sure that the temperature stability was not a consequence of radial dispersion. However, uniformity of temperature was also observed in the solid phase. The fact that a stable temperature can be maintained suggests that the application of inductive heating to dispersed or granular media is likely to undergo a significant development in the next few years. Ap p lications ma y concern improvement of existing a pparatus such as fluid heaters ( Seghrouchni et al., 1991) , or new process devices: for example, in situ regeneration of spent activated carbon (Duquenne, 1992) . The present work is a continuation of an experimental study (Duquenne et al., 1993 ) of the energy distribution in graular beds placed in an inductive field and aims more precisely at a good understanding of the phenomena. We have developed a mode! which predicts the heating of a bed comprised of conductive particles.
In this paper, we will briefly present the equations goveming inductive heating phenomena and their application to a given shape of load in the reactor; in the following, "load" stands for whatever is put inside the inductor coi! and inductively heated. After discussing the different resolution methods, a simplified solution is given. The solution is tested by comparison with experimental data, and the results of this comparison are commented upon.
Equations
Eddy currents generating so-called inductive heating are ruled by Maxwell's equations: One can understand that, in general, resolution of such a system leads to extremely tedious calculations. When the inductively heated medium is a homogeneous solid, some geometric simplifications may be introduced in order to carry out these calculations -as, for example, in the cases of cylinders, or infinite or thin plates (Fournet, 1985) . Moreover, if geometric simplifications are not applicable, the behaviour of a homogeneous solid may be deduced from the behaviour of a cylinder (for example) by the introduction of an approximate and empirical 'shape coeffi cient'. This saves a great deal of time by eliminating the need to perform direct calculations using Maxwell's equations (Duperrier, 1952) .
CASE OF A CYLINDER: EQUIVALENT ELECTRICAL RESISTANCE
The case of a long cylinder plunged into a given uniform induction field oriented parallel to the cylinder axis will be examined. We adopt polar coordinates (r,0,z), neglect displacement currents before conduction ones, and assume that the cylinder is long enough compared to its diameter so that phenomena do not depend on z.
In the following, we shall assume that a load, whatever it may be, has the same height L as the inductor coil. 
. . . (12)
Resolution is usually performed by the application of Bessel and Kelvin functions (Fournet, 1985; Orfeuil, 1981) to Equation (11), assuming that the inductive field ampli tude outside the cylinder, H 0 , is deduced from inductor geometry, and that H z bas a finite value at r = 0; the electric field is then calculated using Equation ( In Equation (13), Fis the power transmission factor (Fournet, 1985; Orfeuil, 1981) , expressed as a combination of Bessel functions of the parameter x = 2°5 Rlô:
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The evolution of the power transmission factor F versus Dblô is given in Figure 2 . The main result conceming this factor is that, when the frequency increases, the penetration depth ô becomes negligible compared to characteristic dimensions of the material constituting the load, and power transferred to this load can be easily calcualted since F = 1. In this case, eddy currents are assumed to be uniform inside a zone of thickness ô near the periphery of the heated piece, and zero everywhere else. This simplification is no longer valid when ô and D b are of comparable magnitude, and one must then take into consideration the non-uniform repartition of these eddy currents: this repartition is expressed by the power transmission factor F. However, Figure 2 clearly shows that heating efficiency for a given load increases with frequency, although it is not worth increasing this frequency further once 90% of the limit value is reached.
The magnetic field H 0 , for an ideal inductor (which means that its length L is infinite compared to its diameter D e ), comprising NIL turns per unit length is known to be uniform inside the volume the coil delimits, and zero outside (Fournet, 1985) . Inside the inductor coil, it keeps the same direction, and its value is given by: (16) where Ho is the peak value of the magnetic field, while l e is the RMS value of current in the inductor coi! (hence the factor 2°· 5 ). If the inductor cannot be considered as ideal (i.e. if D e is not negligible compared to L), the field gener ated will still be assumed to be uniform inside, its geometry only altering its value by Nagaoka's coefficient K; (Delage and Ernst, 1983; Duperrier, 1952) : (17) LK;
This last definition of H o is more reliable that that given by Equation (16) since real inductors seldom show infinite length-to-diameter ratios: further calculations will be performed using this definition.
Remembering that magnetic permittivi !r µ can be written 1s µ = µ 0 x µ, (where � = 4r x 10-Henry/m andµ, s the dimensionless relative magnetic permittivity of the naterial constituting the load), power dissipation in the Joad :omposed of a single cylinder can be expressed as:
Equation (18) shows that power transferred to the Joad is consumed by an equivalent electrical resistance R e q directly connected with the generator, this resistance being defined by:
Power dissipation can also be deduced from the Joad temperature evolution with time, if we assume that this temperature is uniform in the material. For a given mass m of material having a heat capacity C p , the power transferred is: 
The preceding developments remain valid for a group of cylinders, assuming that:
-the inductive field is the same for all cylinders. This means that it is uniform in the whole reactor (volume delimited by the inductor coi!). In fact, the height-to-diameter ratio of the inductor must be as large as possible.
-the cylinders are all identical, and their diameter is small in relation to their length. In the case of a single cylinder, this ensures that z-dimension had no influence on any phenomena. Here, this hypothesis is also dictated by the fact that the cylinders must be electromagnetically independent from each other. The main reason is that calculating the mutual influences between cylinders would be feasible for a small number of them, but could hardly be carried out in any other case (Durand, 1968) . In other words, it is important that, when swept by eddy currents, each cylinder can be considered as an ideal inductor, generating no electro magnetic field outside of the volume it occupies, thus introducing no mutual inductances with the other cylinders. In the case we chose, in which the inductor and the Joad always have the same length L, this condition is achieved when the preceding hypothesis is fulfilled.
In this case, if the load is constituted of N e identical cylinders, the heat generation in them can be characterized as above by the equivalent electrical resistance they represent for the generator: 
CASE OF A GRANULAR BED
The problem is totally different for a granular bed, since the shape of the particles constituting the load does not allow the geometric simplifications that made the resolution of Maxwell's equations feasible for a cylinder, even if we imagine that the particles are spherical.
In fact, a method exists that permits the prediction of a sphere's behaviour when in an inductive field, by considering this sphere as a pile of infinitely thin cylinders of different diameters (Horoskozo, 1978) . However, this method does not so]ve the prob]em of mutual inductances between each sphere in the bed.
Another way of performing this calculation is iUustrated in Figure 3 . At a first glance, the behaviour of a sphere sub jected to electromagnetic induction can be compared to that of a whorl (Horoskozo, 1978; Durand, 1968) as far as the generation of eddy currents is concemed; these currents develop themselves at the surface of the sphere, following planes perpendicular to the direction of the inductive field (Figure 3a) , within a zone of thickness ô at the periphery of the sphere. In this case, a regular pile of spheres parallel to the field (Figure 3b ) may be seen as equivalent to a cylinder made of the same material as the spheres, and whose sur face is swept by eddy currents of dimension ô (Figure 3c) . The problem is then the determination of its diameter, assuming that its length is the same as that of the pile. Since eddy currents are easier to calculate for cylinders than for spheres (Durand, 1968) , the model we propose aims at considering the granular bed (Figure 3d ) as a bundle of juxtaposed piles (Figure 3e ), each pile being made of well aligned superposed balls, and thus comparable to a cylinder (Figure 3f) (Duquenne, 1992) . Previous experiments (Seghrouchni, 1989) have shown that, in the case of metallic beds, contact between balls in the bed had no influence on the creation of eddy currents inside them; everything happens as if these balls were electrically insulated from one another.
For the model, we adopt the following hypothesis: -the bed is comprised of identical and spherical particles; -the functional cylinders are ail identical, and their length is equal to the reactor height; -the cylinders and particles have the same diameter D b , and are made from the same material. The choice of an identical diameter is arbitrary, and will have to be reconsi dered in case of divergence between theoretical and experimental results, -the total mass of fictional cylinders is equal to that of the granular bed, so that the caJcuJated equivalent resistance keeps the same meaning for both terms of heat generation (identical mass and heat capacity), -granular bed porosity (leading to load mass) is uniform and is not influenced by the reactor walls. In fact, this is true if the ratio of the diameters of the reactor and the balls is greater than 10 ( Haughey and Beveridge, 1969; Benenati and Brosilow, 1962) .
According to these hypotheses, conservation of mass gives the number of fictional cylinders N e : (24) where t/; is the bed void fraction; hence:
The equivalent resistance of a granular bed can thus be expressed as follows:
Experimental validation
Experiments have been performed with two different reactors encircled with Litz wire inductor coils, and three types of loads; Table I shows the main characteristics of these elements. A generator provides frequencies varying from 0 to 20 kHz, and an oscilloscope gives access to tension, current, frequency, and the difference in phase between tension and current. A set of Luxtron optic fiber temperature probes allows the acquisition of up to four temperature (Duquenne et al., 1993) . The choice of optic fiber is governed by the fact that any metallic device inside the reactor would be inductively heated, altering the temperature readings.
CHECKING WITH CYLINDERS
In the first series of measurements, the load consisted of various numbers of 18 mm-diameter, 195 mm-high stainless steel cylinders, the electrical conductivity of which was a = 1.39 x 10 6 (O.m)-1 • Stainless steel was chosen for its non-magnetic properties (µ., = 1), yet a well known property of inductive heating is that it becomes more efficient as the value of µ., increases. Unfortunately, this value is seldom known precisely; this is why, in the case of a mode! validation, it is better to use a Jess efficient material with a more reliable determination of this parameter. These cylinders were insulated, both thermally and electrically, with glasswool that prevented any electrical contact.
A first and rapid investigation of temperature evolution at the surface of different rods showed that ail experienced the same power dissipation when inductively heated together, which means that the inductive field can be taken as being constant in the reactor and contirms the results previously obtained (Duquenne et al., 1993) . This investigation does not lead to the thermodynamical calculation of the load's equilvalent electrical resistance (Equation (21)), since we can not assume the temperature to be uniform inside the rods at any given time. However, the electrical determination of this resistance, deduced from oscilloscope readings allowing calculation ofload impedance, was compared to the model's predictions, as shown in Figure 4 . These measurements were performed for a 4-20 kHz frequency range. Apart from a higher error for smaU values of resistance due to fluctua tions in the tension supply at "low" frequencies, it can be noted that the calculations gave a reliable idea of the load's electrical behaviour. The observed agreement between the measurements and the predictions indicate that resistanceand thus efficiency -increases with frequency for a given Joad, and also with the reactor filling rate at a fixed frequency, accordingly to classical observations (Duperrier, 1952; Orfeuil, 1981) and calculations (Delage and Ernst, 1983 ) about inductive heating.
ELECTRIC AND THERMODYNAMIC MEASUREMENTS
We must now justify that the resistance of a given load can be Iinked to a rise of temperature as theory would suggest. For this purpose, we have measured a load's electrical characteristics and the temperature evolution with time ( Figure 5 ). So that we can assume that the temperature is uniform in the load at a fixed time, this Joad is a 1 mm thick stainless steel tube insulated with glasswool. Two tubes were tested, one of 161 mm-outer diameter, having a mass of0.949 kg, and the other of 101 mm O.D. with a mass of 0.588 kg. The graph shows good agreement between theoretical prediction and experimental result for both tubes . We can also observe that the model's predictions are still reliable, provided that a slight change is made in the defini tion of the power transmission factor F: the one given by Equation (15) is for a cylinder, whereas in the case of a tube, air takes the place of conductor material at r = 0, inducing modifications in the writing of boundary conditions (Orfeuil, 1981; Fournet, l 985; Duquenne, 1992) .
GRANULAR BEDS
We have shown that the model is adequate for the predic tion of the electrical behaviour of a load composed of cylinders and that this electrical behaviour is representative of the thermal evolution ofthis load. We now have to check the hypothesis according to which a bed of spherical conductor particles could be seen as a group of juxtaposed cylinders.
In the following, the particles constituting the bed wîll be lead balls, having l" r = 1 and a = 4 x 10 6 (Q.m)-
•
Due to weight problems the reactor has been changed for a smaller one having the same length-to-diameter ratio: 82 mm-1.D., 100 mm-high, the coil comprising 52 turns.
Five different beds have been tested, with ball diameters of 1.8, 3, 3.8, 5 and 7.65 mm. Void fractions varied between 0.395 and 0.402. Calculations of equivalent electrical resistances (Equa tion (26)) with the four smaller ball sizes gave satisfactory results when compared to experimental data (Figure 6 ), which allows us to state that a granular bed can be viewed as a bundle of cylinders of the same diameter as the partie les and having the same total mass. Classical properties of induction heating of homogeneous pieces are suitable for dispersed media: energy transfer from the inductor coi! to the Joad is improved by a rise of frequency, and efficiency is improved by an increase in particle size, even if the global dimensions of the bed are defined by those of the reactor, and thus constant.
Results concerning the 7 .65 mm diameter balls reveal a divergence between experimental and predicted values (Figure 7) , the difference increasing with frequency. Slight signs of this phenomenon can be interpreted from Figure 6 for the two greater diameters at high frequencies (greater values of resistance). Good agreement between theoretical and practical results indicates that the mode! is valid below a given diameter for spheres, a diameter which is estimated to be slightly greater than 5 mm.
The diameter of the balls has an important influence on one of the hypotheses we made: in our theory, fictional cylinders constituting the bed are supposed to be electro magnetically indpendent from one another, and thus must be of a very elongated shape so that they can be considered as ideal coils (infinite length). In this case, when swept by eddy currents, they neither modify the magnetic field outside the volume they define, nor perturb the currents passing on the surface of the surrounding cylinders. As our cylinders are ail of the same length, equal to the reactor height, a critical diameter exists above which they can no longer be considered as being infinitely long (i.e. electromagnetically independent), and mutual inductances between them must be taken into account. AU the currents imposed on any one given cylinder by its neighbours are added to the currents generated in that cylinder by the inductor. These additional currents ail altemate with the same frequency, the result being another alternating current of the same frequency, but with a higher peak value than if ail these cylinders were indepen dent. This explanation can justify that a divergence appears above a given diameter, and that theoretical predictions are lower than experimental values (Duquenne, 1992) .
Conclusion
A mode! has been proposed in order to predict the heat generation in a granular bed subjected to an inductive field. This mode!, based on the interpretation of the electrical characteristics of an inductor with its load, allows a fast and easy determination of the load's behaviour, since it avoids the tedious calculations usually linked to Maxwell 's equations.
The validity of the electrical interpretation of phenomena has been tested and found to be reliable: as a consequence, it eliminates the necessity of placing temperature probes inside the Joad, pennitting the data to be acquired extemally.
The model has been tested with beds of varying granu lometry and provided quite good predictions of their behaviour. However, it must always be kept in mind that calculated values are reliable only if the bed granulometry does not exceed a critical value. If this value depends only on the shape of fictional cylinders, the limiting factor would be a reactor height-to-particle diameter ratio greater than about 20, corresponding to a upper limit of 5 mm diameter for balls inside a 100 mm-high inductor coi!.
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